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Self Assembly of plasmonic core-satellite nano-
assemblies mediated by hyperbranched polymer 
linkers 
Priyanka Dey,a,b Shaoli Zhu,c Kristofer J. Thurecht,c,d Peter M. Fredericksa,b and 
Idriss Blakeyc,d* 
The morphology of plasmonic nano-assemblies has a direct influence on optical 
properties, such as localised surface plasmon resonance (LSPR) and surface enhanced 
Raman scattering (SERS) intensity. Assemblies with core-satellite morphologies are of 
particular interest, because this morphology has a high density of hot-spots, while 
constraining the overall size. Herein, a simple method is reported for the self-assembly 
of gold NPs nano-assemblies with a core-satellite morphology, which was mediated by 
hyperbranched polymer (HBP) linkers. The HBP linkers have repeat units that do not 
interact strongly with gold NPs, but have multiple end-groups that specifically interact 
with the gold NPs and act as anchoring points resulting in nano-assemblies with a large 
(~48 nm) core surrounded by smaller (~15 nm) satellites. It was possible to control the 
number of satellites in an assembly which allowed optical parameters such as SPR 
maxima and the SERS intensity to be tuned. These results were found to be consistent 
with finite-difference time domain (FDTD) simulations. Furthermore, the multiplexing 
of the nano-assemblies with a series of Raman tag molecules was demonstrated, 
without an observable signal arising from the HBP linker after tagging. Such plasmonic 
nano-assemblies could potentially serve as efficient SERS based diagnostics or 
biomedical imaging agents in nanomedicine. 
 
1. Introduction 
Surface enhanced Raman scattering (SERS) is a Raman signal 
enhancement effect that occurs when a Raman-active molecule 
is present in the vicinity of a metallic surface with nanoscale 
roughness.1-6 Since the first reports in the late 1970’s, 
significant effort has been dedicated to developing efficient 
SERS substrates, comprised of noble metal nanoparticles (NPs) 
for various fields including electronics,7, 8 understanding 
surface interactions,9, 10 photonics,11 chemical sensing,12-15 
biological labelling,12, 13 imaging,16, 17 and, more recently, as 
diagnostic agents for nanomedicine.3, 18, 19 When Raman-active 
molecules are adsorbed in the interstitial gaps between NPs, 
also referred to as SERS “hot-spots”, their Raman signals are 
further enhanced,1-3, 20 which has motivated development of 
metal nano-assemblies. Colloidal nano-assemblies with 
nanogaps of 0-10 nm are capable of high SERS enhancements 
in the order of 106-1010 and can be relatively simple to 
fabricate.5 These nano-assemblies have localised surface 
plasmon resonances (LSPR) in the visible to NIR region and 
the SPR maxima are strongly dependent on factors that include 
the assembly morphology, inter-particle separation and 
refractive index of the surrounding medium. In addition, the 
SERS intensity of nano-assemblies is also a function of its 
morphology. A multitude of NP assembly morphologies4-6, 21 
have been investigated including dimers,22 trimers,22 Janus 
NPs,23 linear nano-chains,24 network arrays,25, 26 spherical 
clusters27-29 and core-satellite constructs.23, 30-33 Typically, these 
structures have been fabricated by chemically-induced 
aggregation of noble metal NPs, which has involved 
functionalisation of the NP surface with linker molecules or 
macromolecules and thereafter employing electrostatic 
destabilisation, or linker directed self-assembly to yield nano-
assemblies. The formation of such nano-assemblies has been 
reported with a variety of linear and branched linkers, which 
include DNA,34, 35 antigen-antibody complexes,36 organic 
molecules,21, 27, 37-40 linear polymers,28, 41-43 dendrimers26 and 
hyperbranched polymers.22 The end-group density is an 
important parameter for directing the self-assembly process and 
the resulting morphology has been shown to be dependent on 
the end-group density.44 Branched polymeric linker molecules, 
such as dendrimers and hyperbranched polymers (HBP), are of 
particular interest, because the high end-group density can 
provide multiple groups to direct the assembly of NPs. While 
dendrimers have a precise structure, this typically comes at the 
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expense of their synthesis requiring multiple reaction steps that 
often leads to low overall yields.45, 46 On the other hand, while 
HBPs have a less precise structure, they typically can be 
synthesised in a single step or via one-pot strategies with high 
yields and still maintain the benefit of high end-group 
density.47-50  
 We have recently reported22, 44 the fabrication of varied 
morphologies including dimers, linear nanochains, plate-like 
morphologies and globular nano-assemblies by employing a 
HBP linker having end-groups with affinity for gold surfaces 
(namely, trithiocarbonate and alkyne). In these systems gold 
nanoparticles were coated with a sub-monolayer of HBP, so the 
aggregation was primarily achieved through charge 
destabilisation of the colloids. While some control of the size of 
such assemblies has been possible, the dispersity of the 
aggregate size was often broad and the arrangement of the NPs 
in the assemblies was random. A consequence of the random 
aggregation was that the SERS activity of the assemblies scaled 
with the aggregation number (i.e., number of NPs per 
assembly) because the hot spot density correlates directly to the 
assembly size in such systems. Therefore, the SERS intensity 
could only be increased by preparing larger assemblies, which 
can be undesirable for use as in vitro and in vivo biomedical 
imaging agents. For example, in a recent review, Liz-Marzán 
and co-workers6 pointed out that the size of many SERS-
barcoded assemblies was sufficient to either completely inhibit 
migration into cells, or result in the inclusion of only a very 
small number of “big particles”, thus decreasing the sensitivity 
for imaging purposes.  
 Core-satellite nano-assemblies have the potential to satisfy 
the above requirements. Ross and co-workers51 have simulated 
the optical properties of core-satellite assemblies and 
demonstrated the effect of parameters including core NP 
diameter, satellite NP diameter, number of satellites per core 
NP and inter-particle distance on red-shifts of the SPR. The 
influence of parameters such as satellite density and inter-
particle separation has also been verified experimentally.33, 51 
Red shift of the SPR can be important for in vivo applications, 
because it shifts the SPR into the tissue transparency window.  
 The different methods for generating core-satellite 
morphologies can be divided into two categories, namely 1) 
assembly mediated by complementary functionalities (e.g. 
complementary DNA strands,23, 52, 53 metal-ligand interactions30 
and protein ligand interactions54) and 2) assembly mediated by 
multifunctional molecules, such as alkanedithiols27, 28, 49 and 
bifunctional aromatics.31  Focussing on category 2), Gandra et 
al.31 have reported the formation of core-satellite clusters using 
p-aminothiophenol (p-ATP) as a linker molecule, where the 
morphology was able to be controlled by using different pH 
values at particular stages during self-assembly. Yoon and co-
workers32, 33 have used dithiol linkers (e.g. 1,10-decanedithiol) 
in a multi-step process that relied on the ability to selectively 
detach gold NPs with different sizes from a substrate. Briefly, 
51 nm NPs were attached to amino-functionalised glass slides 
and then the particles were coated with 1,10-decanedithiol. The 
slides were treated with 13 nm gold NPs resulting in a surface 
decorated with both core-satellite assemblies and single 13 nm 
gold NPs. Sonication was then used to selectively detach the 
core-satellite assemblies leaving single 13 nm gold NPs bound 
to the slide. A feature of both of these systems was that the 
linker molecules were densely packed in the nanogaps between 
the core and satellites, which limits the diffusion of small 
molecules into the nanogaps, which can be important for SERS 
substrates and barcoding assemblies with different Raman 
active molecules.  
 In this article a methodology is reported that further 
expands on the use of multifunctional molecules to mediate the 
generation of core-satellite assemblies, by using HBPs to 
mediate the self assembly process.  HBPs synthesised by using 
controlled free radical polymerisation methods can be 
synthesised in one step, and their size, repeat unit functionality 
and end-group density can be tailored.47 This makes them 
promising candidates as macromolecular linkers to form core-
satellite particles, because it offers the possibility of tuning the 
size of the nanogap, controlling the functionality present in the 
nanogap and reducing the number of attachment points to the 
nanoparticles.  
 This paper reports the formation of discrete core-satellite 
gold nano-assemblies mediated by tailored HBP linkers with 
multiple end groups that bind specifically to gold nanoparticles. 
This was achieved by maximising the coverage of the HBP 
coating around core particles and then relying on unbound end-
groups to sequester satellite particles that were added in a 
subsequent step. We investigated how the core-satellite NP 
stoichiometry could be varied to control the number of satellites 
per core and consequently what influence this had on optical 
properties such as LSPR maxima and SERS activity. The 
results were also compared to electric field simulations 
obtained using the finite-difference time-domain method. The 
core satellite assemblies were treated with a series of small 
molecules that had a range of Raman activities to determine 
whether small molecules could diffuse into the nano-gaps and 
whether they could be detected by SERS.  These experiments 
also demonstrated the multiplexing capability of these core-
satellite nano-assemblies which is a key requirement for 
application of SERS diagnostic agents in nanomedicine. 
2. Experimental 
2.1 Materials 
Prior to use, poly(ethylene glycol) methyl ether methacrylate 
(PEGMA, n=475), ethylene glycol dimethacrylate (EGDMA) 
and 1,4-dioxane were purified by passing through a column of 
basic alumina. Azobisisobutyronitrile (AIBN) was 
recrystallised from methanol. All of the above were obtained 
from Sigma Aldrich. Tetrachloroauric acid and trisodium citrate 
were obtained from ProSciTech and used as received. 
Melamine, 2-naphthalenethiol, thiophenol, adenine, methylene 
blue and 2-quinolinethiol, deuterated chloroform (CDCl3) were 
obtained from Sigma Aldrich. Ultra-pure water (18 Mm-1) 
was used in all experiments. 
  
2.2 Synthesis of citrate stabilised gold NPs 
Gold NPs were synthesized using a variation of the methods 
reported by Frens55 and Turkevich.56 100 mL of 0.3 mM 
tetrachloroauric acid was brought to boil, followed by addition 
of 1.6 mL or 4.3 mL of aqueous trisodium citrate solution (1 % 
w/v). The reaction was refluxed for a further 10 min. A colour 
change was observed with the initial pale yellowish solution 
turning pink and red respectively.  The solutions of core NPs 
were pink having a SPR maxima at 535 nm with an average 
diameters of 48  4 nm and aspect ratio of 1.2 (by TEM). 
Whereas, solutions of the satellite NPs were red with a SPR 
maxima at 520 nm, with a diameter of 15  1 nm and aspect 
ratio of 1.05(by TEM). 
2.3 Synthesis of hyperbranched polymers (HBP).  
The hyperbranched polymer was synthesised with polyethylene 
glycol methacrylate monomer as reported in our earlier 
publication.22 Details are provided in the ESI. A schematic of 
the HBP has been shown in Fig. 1A. Each linear component or 
branch of the polymer was composed of PEGMA repeat units 
butyl trithiocarbonate at the -end group and an alkyne at the 
-end group. The linear units are branched with EGDMA at 
random positions along the chain length. The synthesised HBP 
has an average of 4 branches and hence 4 trithiocarbonates 
(indicated in green) and 4 alkynes (indicated in red) end-groups 
per macromolecule. Both of these functionalities are capable of 
anchoring to gold surfaces57, 58 and is the driving force for the 
nano-assembly formation.  
2.4 Preparation of hybrid gold nano-assemblies.  
A schematic of the formation of the core-satellite nano-
assemblies is shown in Fig. 1B. 50 µL of the aqueous polymer 
solution with a concentration of 1.5 µM, was added with 
stirring to 3 mL of 0.11 nM citrate stabilised gold NPs with 
average diameters of 48 nm. The mixture was further stirred for 
at least 3 minutes and then was left standing overnight to ensure 
equilibrium and been reached to yield the “intermediate 
hybrids”. This concentration represented a 1.6 times excess 
when compared to the theoretical amount of polymer required 
to totally cover the cores (See calculation and Table S1 in ESI). 
It was anticipated that these intermediate NPs had free RAFT 
end-groups (trithiocarbonate and alkyne) available to act as 
anchoring points for further aggregation with additional gold 
NPs (see Fig. 1B). The “intermediate hybrid” colloid was 
centrifuged (14,500 rpm for 6 min) and the supernatant 
discarded to remove the unbound polymer and excess citrate. 
The colloid was then re-suspended in water to give 30 L of 
“intermediate hybrids” with NP concentration of ~100 nM. 
Various amounts of citrate stabilised satellite NPs (prepared by 
centrifugation and resuspension) were added to the pink 
solutions of the “intermediate hybrid” and mixed using a vortex 
mixer for one minute, to give a series of solutions with different 
mole ratios of the core and the satellite. The colloid was then 
allowed to stand for 3-4 hours to reach equilibrium in formation 
of the “core-satellite assemblies”. The core-satellite assemblies 
were then centrifuged (5000 rpm, 2 minutes) and the 
supernatant was separated to remove unbound satellite NPs.  
The core-satellite assemblies were then diluted with ultrapure 
water to give a primary NP concentration of ~2 nM. These 
samples were then analysed by UV-vis spectroscopy, and also 
used for SERS, DLS and TEM analysis. 
2.5 Characterisation  
2.5.1 UV-VISIBLE SPECTROSCOPY 
Ultraviolet-visible spectra were acquired using a Varian Cary 
50 in the range of 400-900 nm with a 1 cm path length cell, 
with baseline correction.  
2.5.2 DYNAMIC LIGHT SCATTERING (DLS) 
DLS measurements were performed using a Malvern Zetasizer 
Nano Series running DTS software and a 4 mW He−Ne laser at 
633 nm. Analysis was performed at an angle of 90° and a 
constant temperature of 25 °C. Dilute NP concentrations were 
used to ensure that multiple scattering and particle−particle 
interactions could be considered to be negligible.  
2.5.3 TRANSMISSION ELECTRON MICROSCOPY (TEM) 
A JEOL 1400 transmission electron microscope was used to 
study the size and morphology of the nano-assemblies 
deposited on 200 mesh holey C-coated copper grids at 100 keV. 
As-prepared hybrid samples were diluted 100-fold, in order to 
minimise the drying artefacts and deposited on TEM grids. 
ImageJ software was used for calculating the number of 
satellites per core NP by analysing 63-92 individual 
assemblies per sample. For selected samples TEM images were 
also acquired at 3° tilt intervals over 120° resulting in 40 
images of an individual nano-assemblies. The images were 
captured by SerialEM software and processed by IMOD 
software to obtain a video and 3D-tomographic model of the 
core-satellite assemblies. 
2.5.4 RAMAN SPECTROSCOPY 
SERS spectra of the linker HBP of colloidal assemblies were 
recorded in the spectral range 200-2000 cm-1 for 4 
accumulations of 40 s each. SERS spectra of the colloidal 
assemblies for multiplexing were recorded in the spectral range 
200-3200 cm-1 for 5 accumulations of 10 s each. A Renishaw 
model InVia microRaman spectrometer equipped with a 785 
nm excitation from a diode laser, a single diffraction grating 
and an electrically cooled CCD detector was used. The laser 
power was 20 mW at the sample. Low volume quartz cuvettes 
were used as sample holders. 
2.6 Electromagnetic field distribution simulations.  
The electromagnetic field intensity distribution around the 
nanostructures was simulated using a three dimensional finite-
difference time-domain (FDTD) method. FDTD is a powerful 
computational method which is widely used to calculate the 
electromagnetic properties of different materials. It treats 
Maxwell equations as a set of finite differential equations in 
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both time and space. The model space considered included both 
the probe and the sample surface and consisted of an array of 
cubic cells (Yee cells) with each cell having its own complex 
dielectric constant. The FDTD Solutions software package 
(Lumerical Solutions Inc, Vancouver Canada) was used to 
carry out the computational calculations and numerical 
analysis. The incident light was p-polarized. The mesh size in 
the x, y and z directions was Δx = 1 nm, Δy = 1 nm and Δz = 1 
nm, respectively. The simulation time, t, was 100 fs.  Perfectly 
matched layer (PML) absorbing boundary conditions were 
selected in three directions. A core gold NP with a diameter of 
50 nm surrounded by varying numbers of satellite NPs (0, 1, 5 
and 8) with a diameter of 15 nm was simulated. The distance 
between the core and its satellites was set to 2 nm.  
3. Results and discussion 
3.1 Hyperbranched polymer 
The overall approach that has been used for formation of core-
satellite nano-assemblies is shown in Fig. 1. Hyperbranched 
polymers (HBPs) (see Fig. 1A) were coated around gold 
nanoparticles and unbound end-groups in this layer were used 
to mediate the self assembly of satellite particles that were 
added subsequently (see Fig. 1B).  
 The HBP was synthesised in a single step that involved 
reversible addition fragmentation chain-transfer (RAFT) 
polymerisation59 of polyethylene glycol methacrylate using 
ethylene glycol dimethacrylate to facilitate branching. This 
produced a HBP with a hydrodynamic diameter (Dh) of 8.5 ± 2 
nm, w of 100 kDa and an average of 4 branches, which 
resulted in an average of 8 functional end-groups, that is, 4 
trithiocarbonate end-groups and 4 alkyne end-groups.22 RAFT 
polymerisation allows incorporation of functional end-groups 
into the structure, which were derived from the RAFT agent 
and in this case the required end-groups could be introduced 
during polymerisation and subsequent post-modification 
reactions were not required. These HBPs are primarily 
comprised of polyethylene glycol methacrylate repeat units, 
which do not strongly bind to gold NPs. However, the 
trithiocarbonate and alkyne containing end groups have a have 
strong affinity for binding to gold surfaces.57, 58  
 3.2 Synthesis and optical characterisation of gold NPs 
with different sizes for use as cores and satellites.  
In order to understand the mechanism of self-assembly of the 
core-satellite nano-assemblies, gold NPs with two different 
diameters were prepared using modified versions of the 
methods reported by Frens55 and Turkevich,56 where the mole 
ratio of sodium citrate to gold (III) was varied to achieve 
different particle sizes. The TEM micrograph in Fig. 2A shows 
NPs with average diameters of 48  4 nm and an aspect ratio of 
1.2 were prepared. These particles were subsequently used as 
the core NPs. Fig. 2B shows TEM micrographs of particles that 
have average diameters of 15  1 nm and an aspect ratio of 
1.05; these particles were later used as the satellites. The visible 
spectra of aqueous solutions of the NPs are shown in Fig. 2C 
demonstrating that the 48 nm core NPs had a SPR maximum at 
535 nm, while the 15 nm satellite NPs had a SPR maximum at 
520 nm, which is typical for gold NPs of these sizes.60 Based on 
the average particle sizes and the amount of gold salt added 
during synthesis, the calculated NP concentrations for the 48 
and 15 nm NPs were 0.11 nM and 3.5 nM respectively. 
3.3 Effect of stoichiometry of satellite and core NPs on the 
morphology of core-satellite nano-assemblies.  
The first step in the self assembly process was to form 
“intermediate hybrids” that ultimately formed the core of the 
assemblies.  This was achieved by coating the 48 nm gold NPs 
with HBP using a ligand exchange mechanism. A high degree 
of coverage of the particle with HBP was achieved by using an 
excess of polymer (calculation shown in ESI), where the 
unbound polymer was removed by centrifugation. 
Resuspension of the centrifuged intermediate hybrids resulted 
in a primary particle concentration of approximately 100 nM. 
The next step involved mixing the “intermediate hybrids’ with 
varying mole ratios (0-100) of the 15 nm citrate stabilised 
 
 
Fig. 1. (A) Stylised representation of the hyperbranched polymer (HBP) linker showing the two types of anchoring end‐groups, namely, trithiocarbonate in green and 
alkyne in red, and (B) a schematic showing the formation of core‐satellite nano‐assemblies mediated by linker HBP with larger gold NPs as the core and smaller NPs as 
the satellites. 
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Fig. 2.  (A) TEM micrograph of gold NPs with average diameters of 48  4 nm, 
which were subsequently used as the core NP, and (B) TEM micrograph of gold 
NPs with  average  diameters  15   1  nm which were  subsequently used  as  the 
satellite NPs. The inset shows the color of the colloids. TEM scale bar = 200 nm. 
(C) Visible spectra of the core and satellite NPs. 
gold nanoparticles. These particles were expected to anchor to 
any unbound end-groups present on the HBP coating of the 
intermediate hybrid, thus forming core-satellite nano-
assemblies. Smaller NPs were used as satellites, because they 
allow a larger number of satellites per core NP and therefore a 
larger number of NP junctions or potential hot-spots. Many of 
the approaches that have been reported for formation of core-
satellite nano-assemblies are based on complimentary 
recognition23, 30, 52-54 and hence require functionalisation of both 
core and satellites, which was not a requirement in our 
approach, thus making it a simpler method. 
 To determine the morphology of the assemblies, 
conventional TEM micrographs were acquired for each of the 
satellite-core mole ratios used and representative examples are 
shown in Fig. 3 (column 1). Plots showing the distribution in 
the number of satellites per core that are visible by conventional 
TEM have also been shown (see Fig. 3, column 2). 
Qualitatively it can be seen that the number of satellites per 
core NP increases as a function of the satellite-core mole ratio 
used in the self-assembly process. Combining the data of Fig. 3 
(column 2), the number of visible satellites per core NP 
(averaged value from 63-92 nano-assemblies per sample from 
conventional TEM) has been plotted with respect to the 
satellite-core NP stoichiometry in Fig. 4. The median number 
of visible satellites per core NP was observed to dramatically 
increase with an increase in NP stoichiometry from 0 to 30, 
followed by a less pronounced increase thereafter. With a mole 
ratio of 5, lower order assemblies of monomers and dimers (0-1 
satellites per core NP) were observed, whereas, higher order 
nano-assemblies of 3-4 satellites per core NP were formed with 
a mole ratio of 15. Upon increasing the mole ratio from 15 to 
30, a significant increase in the satellite density per core NP 
from approximately 4 to 8 was observed. On further increasing 
the satellite-core mole ratio, the number of satellites 
surrounding the core increased slightly from 8 ± 1 to 10 ± 1 for 
satellite-core ratios of 30 and 100 respectively. The maximum 
number of visible satellites per core NP that was observed by 
 
 
Fig. 3. TEM micrographs of core‐satellite nano‐assemblies  (column 1),  together 
with their TEM derived statistical population of visible satellite density per core 
NP (column 2), with  increasing satellite‐core mole ratios of (A) 5, (B) 15, (C) 30, 
(D) 50, and (E) 100. Scale bar = 50 nm 
TEM was 10 ± 1. According to Song and co- workers61 a 
maximum of 63.4% of the surface area of the core will be 
covered with satellites for random close packing of satellites. 
Therefore, when taking this into account and then considering 
the surface area of the core and the area that 
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Fig. 4. Plot of median number of  visible  satellites per  core NP with  respect  to 
satellite‐core NP stoichiometry i.e., satellite to core mole ratio. 
a satellite will cover, theoretically, the maximum number of 
satellites per core is expected to be approximately 50.  
 Conventional TEM measurements are based on 
transmission of electrons through the assemblies, so only 
clearly show the satellite NPs that extend past the periphery of 
the core NP, however, rotation of the TEM stage allows 
visualisation of the obscured satellites. To demonstrate this 
phenomenon TEM images were acquired for the assemblies 
formed using satellite-core mole ratios of 30 and 100, through a 
total tilt of 120 at regular intervals of 3. A selection of TEM 
micrographs at incremental rotations of 30 are shown in Figs. 
5A and B. 5-6 satellites can be observed in the TEM 
micrographs for the different rotations shown in Fig. 5A, for a 
mole ratio of 30, but the 3D reconstruction reveals that at least 
7 satellites are present. Similarly, 6-8 satellites could be 
observed for different rotations (Fig. 5B), for a mole ratio of 
100, but the 3D reconstruction in Fig. 5D reveals that at least 10 
satellites are present. These results indicate that some of the 
satellites will not be visible in conventional TEM images and 
show that as many as 40% of satellites can be obscured. Taking 
the obscured areas of the particles in the conventional TEM 
analysis into account, the maximum number of satellites 
achieved would be approximately 15, which is still 
considerably less than the theoretical maximum of 50. The 
lower density of satellites is likely due to the negative charge of 
the citrate stabilised satellite NPs, which causes repulsion 
between the satellites and will restrict close packing of satellites 
on the core and also inhibit formation of satellite-satellite NP 
junctions. 
 The gap separating the satellite and core NPs will also be 
important in dictating the SERS intensity. The series of TEM 
micrographs at various angles of tilt that were described above 
revealed that the average separation between the core and 
satellites was 1.2  0.4 nm. The median size of the HBP linker, 
when dissolved in water, was approximately 8.5 nm (by DLS). 
This disparity is probably due to distortion of the polymer 
conformation that results from anchoring to NP surfaces and  
 
 
Fig. 5. Tilt‐TEM  images at 30°  tilt  intervals  for core‐satellite nano‐assemblies of 
mole ratios of (A) 30 and (B) 100. 3D tomographic reconstruction of core‐satellite 
assemblies prepared using core‐satellite mole ratios of (C) 30 and (D) 100. Core 
NP shown in pink and satellite NP shown in red. Scale bars = 50 nm for A and B 
and 13 nm for C and D. 
also the dehydration of the polymer upon drying on the TEM 
grid. 
 The average sizes of the colloids in solution was also 
assessed by DLS. The gold NPs that were used as the core 
particles had diameters of 65 ± 10 nm and the gold NPs that 
were used as satellites had diameters of 18 ± 5 nm.† The 
nanoassemblies prepared using a satellite-core mole ratio of 5 
had median diameters of approximately 95 ± 9 nm while the 
other mole ratios (15-100) had median diameters of 105 ± 15 
nm. Within experimental error, these results were consistent 
with the formation of core-satellite nano-assemblies rather than 
large aggregates.  
3.4 Optical properties of the core-satellite nano-assemblies.  
The visible spectra and photographs of the assembled colloids 
after centrifugation and re-suspension in water are shown in  
 
 
Fig. 6. Visible  spectra of  core‐satellite assemblies prepared using  satellite‐core 
mole ratios of (a) 5, (b) 15, (c) 30, (d) 50, and (e) 100. The spectra are offset by 
0.25 a.u. 
 7 
 
 
Fig. 7. Plot of (A) SPR maximum versus number of satellites per core, and (B) SPR absorbance ratio of 635 to 535 nm (Abs635/Abs535), with respect to the number of 
satellites per core. 
Fig. 6. The core NPs and intermediate hybrids had SPR maxima 
at 535 nm and 537 nm respectively (shown as the 2 data points 
at a mole ratio of 0 in Fig. 7A and B). The red-shift of ~2 nm 
for the intermediate hybrids is probably due to the increase in 
the refractive index of the surrounding media, due to the 
presence of the polymer coating.62 After normalisation of the 
visible spectra and spectral subtraction of the core NP 
spectrum, we obtained SPR maxima for each of the mole ratios 
used. The plot in Fig. 7A demonstrates that the SPR shifts to 
the red with an increasing number of satellites per core NP. The 
maximum SPR shift achieved was 105 nm for nano-assemblies 
with an average of 10 satellites per core. These results are 
consistent with the simulations reported by Ross and co-
workers, which showed that the SPR is predicted to red-shift 
with increasing numbers of satellite particles.51 We also studied 
the ratio of the absorbance at 635 nm and 535 nm 
(Abs635/Abs535) as a function of the number of satellites per 
core NP (see Fig. 7B), which demonstrated a linear 
dependence. Therefore, it was concluded that the optical 
characteristics of the core-satellite nano-assemblies specifically, 
the SPR shift and the absorbance ratio, is a direct function of 
the number of satellites per core NP.  
3.5 SERS activity of core-satellite nano-assemblies.   
It has been well documented in the literature that high Raman 
signal intensities are obtained from higher order assemblies i.e., 
for high hot-spot densities.5 Hence, the SERS performance not 
only acts as a means to characterize the extent of aggregation 
and hot-spot density, but also the nano-assemblies to be tailored 
to achieve higher SERS efficiencies. A typical HBP SERS 
spectrum from the nano-assemblies at a concentration of 2 nM  
 
 
Fig. 8. Plot of SERS intensity at 1380 cm‐1 due to linker HBP versus the number of satellites per core NP, together with a cartoon of the core‐satellite nano‐assembly 
showing schematically the location of the HBP‐containing SERS‐active hot‐spots. The concentration of nanoassemblies was 2 nM. 
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is shown in Fig. S3 in the ESI. The peak at 1380 cm-1 was 
assigned to (CH3) from the p(PEGMA), while the peaks at 
1022 cm-1 and 800 cm-1 were assigned to the (C=S) and 
(CS) modes respectively, which can be attributed to the 
trithiocarbonate end-groups. The SERS of the HBP present 
between the satellite-core junctions provides a good insight into 
the relative number of SERS-active hot-spots of the nano-
assemblies (see cartoon in Fig. 8). As discussed earlier, 
satellite-satellite junctions are unlikely to be formed and hence 
their contribution towards SERS can be considered negligible. 
The intensity of the peak at 1380 cm-1 was plotted with respect 
to the number of satellites per core, and is shown in Fig. 8. The 
intermediate hybrid (acting as the reference sample, 0 mole 
ratio) did not show any observable SERS signal due to the 
HBP. This shows that the signal enhancement afforded by a 
single gold NP with a diameter of 48 nm is insufficient for 
detecting HBP at a concentration of ~10-9 M. In contrast, the 
core-satellite nano-assemblies were able to detect the HBP in 
this concentration range, and highlights the very high SERS 
activity of these systems. Fig. 8 shows a linear increase in 
SERS intensity with the increase in the number of satellites per 
core. The data reported were averaged from the SERS 
intensities of three separate batches and was measured at three 
positions for each sample. It can be seen that the variance of the 
values, indicated by the error bars, is low. This low standard 
deviation of the SERS intensities demonstrates the good 
reproducibility of SERS of the assemblies. 
 To investigate this further, finite-difference time-domain 
(FDTD) simulations were performed to estimate the electric 
field intensity for core-satellite assemblies with varying 
numbers of satellite NPs (see Fig. 9A). The core NPs with no 
satellites have a very low electric field intensity (E2) at the 
surface of the particle (Fig. 9A a) when compared to those 
decorated with satellite NPs, which exhibit a high electric field 
intensity in the gap between the core and satellite NPs (Fig. 9A 
b-d) and the highest intensities are observed for the gaps that 
coincide with the direction of polarization.  When the electric 
field intensity was integrated for the morphologies, a linear 
relationship was observed with the number of satellites, which 
is consistent with the linear increase in SERS intensity with 
number of satellites that was observed experimentally (as 
shown in Fig. 8). These core-satellite nano-assemblies show 
evidence of a significant degree of control of the morphology, 
size, satellite density and hot-spot density, providing us with 
tunable SERS enhancements. Such tailor-made nano-
assemblies exhibit potential for applications as plasmonic bio-
sensors in various fields including electronics, catalysis and 
medical diagnostics. 
3.6 Multiplexing of core-satellite nano-assemblies.  
Both fluorescence based quantum dots63 and SERS based gold 
NPs64 have shown great potential as multiplexed diagnostics 
and biomedical imaging agents. For successful translation of 
these diagnostic agents for use in ex vivo or in vivo conditions, 
key requirements include negligible auto-fluorescence in the 
tissue NIR window, low cytotoxicity, multiplexing capability 
simultaneous detection of different “tags” or signatures and 
limited or no photo-bleaching.3, 12, 18, 19, 65 Gold NP based SERS 
agents comply with all the above requirements and hence are 
well suited for biomedical applications.13, 66 As demonstrated 
earlier, the tailored core-satellite nano-assemblies have high 
hot-spot densities and strong SERS scattering. Therefore, the 
capability of multiplexing of the core-satellite assemblies was 
investigated with six different commercially available Raman 
tag molecules. 
 
Fig. 9.  (A). FDTD simulation showing  the electric  field  intensity  (E2)   of core‐satellite nano‐assemblies with  (a) 0,  (b) 1,  (c) 5, and  (d) 8 satellites per core NP. The 
direction of polarisation is approximately + 45 from the vertical. (B). Plot of integrated electric field from the calculations of FDTD simulation study with respect to 
the number of satellites per core NP. 
  
 
Fig. 10.  (A) SERS  spectra of core‐satellite assemblies  tagged with  (a) melamine,  (b) adenine,  (c) 2‐naphthalenethiol,  (d)  thiophenol,  (e) methylene blue, and  (f) 2‐
quinolinethiol. The spectra have been normalised so as to make the characteristic peaks prominent. (B) SERS spectrum of a mixture of core‐satellite nano‐assemblies 
labelled six different tags (a‐f). The ratios of the nanoassemblies were adjusted according the SERS efficiency of the tag molecules. Same colours have been used to 
indicate the non‐overlapping characteristic peaks of the tag molecules in B as was used for their individual spectra in A. 
 The tag molecules selected possessed amine or thiol 
functionalities, which allows them to anchor to the gold NPs. 
They also constituted a broad range of Raman scattering cross-
sections, i.e., low, medium and high Raman signal intensity per 
unit concentration. The Raman tags were added to separate 
aliquots of the core-satellite nano-assemblies and their SERS 
spectra acquired using an excitation line of 785 nm (see Fig. 
10A). Melamine and adenine had lower SERS signal intensities 
(Fig. 10A (spectrum a, b)) compared with the high intensity 
signals obtained from 2-naphthalenethiol, 2-quinolinethiol and 
thiophenol (Fig. 10A (spectrum c, f, d)). Methylene blue 
showed intermediate SERS intensities (Fig. 10A (spectrum e)). 
These results demonstrated that the core-satellite nano-
assemblies could be barcoded with a number of different 
Raman tag molecules. It should be noted that no peaks due to 
the HBP were observed after addition of the tag molecules. The 
HBP concentration (~10-9 M) was at least two orders of 
magnitude lower than that employed for the Raman tag 
molecules (~10-7 M), thus the SERS spectrum of the HBP from 
the nano-assemblies was overwhelmed with that of the tag 
molecule and did not cause interference in detection of the tags. 
This suggests it is possible for small molecules to diffuse into 
the nano-gap and that the HBP linker will not interfere with 
analyte detection for analyte concentrations as low as 10-7 M, 
an important criterion for usefulness of SERS nano-assemblies 
as chemical sensors. It also demonstrates an advantage of using 
HBPs as the linker when compared to small molecules linkers.  
For example Yoon and coworkers,32, 33 used 1,10-decanedithiol 
to mediate formation of core-satellite particles. For such a 
system it would be expected that a dense monolayer of thiols 
would be present which would limit the entry of analytes in to 
the nano-gap and indeed they only reported observing a SERS 
signal from mono-thiols that were added at the same time as the 
alkanedithiol, i.e. during formation of the nanoassemblies. For 
the systems in our study the HBP provides multiple end groups 
to facilitate self assembly, but the confirmation of the polymer 
facilitates entry of analyte or tag molecules after self assembly. 
 The individually barcoded colloidal nano-assemblies were 
combined into a single multiplexed colloid where six types of 
barcoded assemblies co-existed. The SERS spectrum of the 
multiplexed core-satellite assemblies was analysed and the six 
different individual barcodes were recognised by detecting the 
non-overlapping characteristic peaks. The individual tags had 
different Raman scattering efficiencies and hence the tag 
molecule concentrations were adjusted accordingly in the 
multiplexed sample. The multiplexed spectrum in Fig. 9B 
shows the presence of melamine (characteristic peak at 693 cm-
1), adenine (characteristic peak at 745 cm-1), 2-naphthalenethiol 
(characteristic peaks at 1620, 1577 and 370 cm-1), thiophenol 
(characteristic peaks at 999, 420 cm-1), methylene blue 
(characteristic peak at 450 cm-1), and 2-quinolinethiol 
(characteristic peak at 779 cm-1). The peaks at 1380, 1022 and 
1069 cm-1 were common to more than one Raman tag molecule 
and hence have not been used as identifying peaks for the 
barcodes in the multiplexed spectrum. These results confirm 
that the core-satellite assemblies can be easily multiplexed with 
a variety of Raman tag molecules, thereby making them ideal 
candidates for development of SERS-based diagnostics or 
biomedical imaging agents in nanomedicine.  
4. Conclusions 
The formation of core-satellite plasmonic nano-assemblies was 
investigated, where the self assembly was mediated by 
hyperbranched polymer linkers which had multiple end-groups 
that could specifically bind to gold nanoparticles. Gold particles 
that would ultimately constitute the core were coated with HBP, 
such that the coverage was maximised using an excess of the 
polymer and then purified by centrifugation.  The unbound end-
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groups on the HBP coating the ‘intermediate hybrids’ were then 
used to sequester satellite particles. The core-satellite 
morphology was confirmed by conventional TEM, as well as 
reconstruction of TEM micrographs at various tilt angles. These 
results also revealed that the density of satellites was dependent 
on the mole ratio of the satellite to core NPs used during the 
self-assembly and began to level off for ratios above 30. This 
result was also supported by the FDTD simulation studies. We 
observed that the optical characteristics of the nano-assemblies 
including the SPR shift and the SPR absorbance ratios were a 
direct function of the number of satellites per core NP. Hence, 
the ability to control the satellite density gives the capability to 
control the SERS-active hot-spot density and thereby tune the 
SERS performance. Evidence was also provided that our core-
satellite nano-assemblies have the potential to be used as 
multiplexed imaging agents by demonstrating SERS spectra 
could be obtained from after six commercially available SERS 
tag molecules were allowed to diffuse into the hot spots. It 
should also be noted that assemblies could be easily be detected 
act concentrations of 2 nM. Thus, these SERS-active core-
satellite nano-assemblies, having tunable SPR and hot-spot 
density along with useful multiplexing capability, could 
potentially serve as SERS diagnostic or imaging agents in 
nanomedicine. 
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